Organ development is regulated by complex interactions of multiple regulatory pathways. 22 These pathways (Wnt, Tgfβ, Fgf, Hh, Eda, Notch) are becoming increasingly better known, with 23 many identified genes having well-characterized effects on the phenotype. We classify genes 24 required for normal organogenesis into different categories that range from essential to subtle 25 modification of the phenotype. We focus on the mouse tooth development in which over 70 26 genes are known to be required for normal odontogenesis. These genes were classified into 27 progression, shape, and tissue categories based on whether their null mutations cause early 28 developmental arrests, altered morphologies, or hard tissue defects, respectively. Collectively, 29 we call these here the developmental keystone genes. Additionally, we identified 100 30 developmental genes with no phenotypic effects on molars when null mutated, thereby 31 providing the means to contrast expression dynamics between keystone and non-keystone 32 Hallikas et al. v2 -p. 2 genes. Transcriptome profiling using microarray and RNAseq analyses of patterning stage 33 mouse molars show elevated expression levels for progression and shape genes, the former 34 category showing the most significant upregulation. Single-cell RNAseq analyses reveal that 35 even though the size of the expression domain, measured in number of cells, is the main driver 36 of organ-level expression, the progression genes show high cell-level transcript abundances. In 37 contrast, high proportion of the shape genes are secreted ligands that are found to be 38 expressed in fewer cells than their receptors and intracellular components. Overall, we 39 postulate that genes essential for the progression of organ patterning are characterized by high 40 level of expression, whereas fine-tuning of the pattern is more dependent on spatially restricted 41 production of ligands. The combination of phenotypically defined gene categories and 42 transcriptomes allow the characterization of the expression dynamics underlying different 43 aspects of organogenesis.
Introduction 46 Much of the functional evidence for the roles of developmental genes comes from natural 47 mutants or experiments in which the activity of gene is altered. Most often these experiments 48 involve deactivation, or null mutations where the production of a specific gene product is 49 prevented altogether. In the cases where development of an organism is arrested altogether, the 50 specific gene is considered to be absolutely required or essential for development (1, 2) . 51 Through a large number of experiments in different organisms, an increasingly nuanced view of 52 developmental regulation has emerged showing that some genes appear to be absolutely 53 required, whereas others may cause milder effects on the phenotype (3, 4 ). Yet, there are a large 54 number of genes that despite being dynamically regulated during individual organ development, 55 have no detectable phenotypic effect when null mutated. 56 57 Within the framework of distinct phenotypic outcomes of gene deactivation, it can be argued for 58 a gradation from developmentally 'more essential' to 'less essential' genes. Collectively, these 59 can be considered to be analogous to the keystone species concept used in ecology (5). These 60 genes, which can be called 'developmental keystone genes', are not necessarily essential for 61 development. Rather, compared to all the genes, developmental keystone genes exert a 62 disproportional effect on the phenotype. To be operational, developmental keystone genes are 63 defined within an organ (or individual) of interest. This organ focus also means that genes that 64 have no effects in one organ may be critical for the development of another organ. Therefore, in 65 the context of evolution, both the organ specific regulation and protein function would be the 66 targets of natural selection on keystone genes. 67 
68
As large-scale analyses of transcriptomes result in expression profiles of thousands of genes, it 69 is now possible to address whether there might be any systematic differences between the 70 regulation of keystone and other genes during organogenesis. Here we address such differences 71 using the mammalian tooth. Especially the development of the mouse molar is well 72 characterized, with over 70 genes that are known to be individually required for normal tooth 73 development (6, 7). The detailed effects of null mutations of these genes are also well 74 characterized, ranging from a complete developmental arrest to relatively mild modifications of 75 morphology, or defects in the mineralized hard tissue (6, 7). initiation and patterning to formation of the hard tissues and eruption. These steps are mediated by 80 reciprocal signaling between epithelium (lighter magenta) and mesenchyme (darker magenta). A central 81 step in the patterning is the formation of the epithelial signaling center, the primary enamel knot (dark 82 blue circle inside the cap stage tooth). Several genes are known to be required for the developmental 83 progression and regulation of the shape around the time of cap stage, and here we analyzed 84 transcriptomes in the bud (E13), cap (E14) and bell (E16) stage molars. Expression of progression and 85 shape category genes were compared to tissue and dispensable genes, as also to other developmental 86 process genes. Fewer initiation and eruption category genes are known, and they were excluded from the 87 analyses. For listing of the genes, see Appendix S1 and categories. The first category is the progression category containing genes that cause a 95 developmental arrest of the tooth when null mutated ( Fig. 1 , genes with references in Appendix 96 S1). The second set of genes belongs to the shape category and they alter the morphology of 97 the tooth when null mutated. Unlike the progression genes, many of the shape gene caused 98 modifications of teeth are subtle and functional, hence these genes are not strictly essential for 99 tooth development. The third category is the tissue category and null mutations in these genes 100 cause defects in the tooth hard tissues, enamel and dentine. Both the progression and shape 101 categories include genes that are required for normal cap-stage formation. In contrast, the tissue 102 category is principally related to the formation of extracellular matrix and these genes are 103 known to be needed later in the development (9). Because there is more than a five-day delay 104 from the cap-stage to matrix secretion in the mouse molar, here we considered the tissue 105 category as a control for the first two categories. Additionally, we compiled a second control set 106 of developmental genes that, while expressed during tooth development, are reported to lack 107 phenotypic effects when null mutated (Table S1 ). This 'non-keystone' or dispensable category 108 is defined purely within our operational framework of identifiable phenotypic effects and we do 109 not imply that these genes are necessarily unimportant even within the context of tooth 110 development. Many genes function in concert and the effects of their deletion only manifests 111 when mutated in combinations (also known as synthetic mutations). We identified five such 112 redundant pairs of paralogous genes and a single gene whose null phenotype surfaces in 113 heterozygous background of its paralogue. Altogether these 11 genes were tabulated separately 114 as a double category. In the progression, shape, tissue, and dispensable categories we tabulated 115 15, 28, 27, and 100 genes respectively ( Fig. 1 , Appendix S1, Table S1 ). While still limited, 116 these genes should represent a robust classification of validated experimental effects. We note 117 that these groupings do not exclude the possibility that a progression gene, for example, can also 118 be required for normal hard tissue formation. Therefore, the keystone gene categories can be 119 considered to reflect the temporal order in which they are first required during odontogenesis. In addition to the categories studied here, there are genes required for the initiation of tooth 122 development, of which many are also potentially involved in tooth renewal. Because the 123 phenotypic effect of these initiation genes on tooth development precedes the visible 124 morphogenesis, and the phenotype might include complete lack of cells of the odontogenic 125 lineage, we excluded these genes from our analyses. Similarly, we excluded genes preventing 126 tooth eruption with no specific effect on the tooth itself (Appendix S1). of progression category and moderately elevated shape category genes (for tests, see Table S3 ). Tissue 149 category genes are involved in dentine and enamel formation that begin at birth, around six days from 150 the E14 cap stage. In general, the expression differences between progression and tissue categories appear greater 158 than between progression and dispensable categories (p values range from 0.0027 to 0.0416 and 159 0.0055 to 0.05, respectively, Table S3 ), suggesting that some of the genes in the dispensable 160 category may still play a functional role in tooth development. In our data we have 11 genes that 161 cause a developmental arrest of the tooth when double mutated (Appendix S1). The expression 162 level of this double-mutant category shows incipient upregulation compared to that of the 163 developmental-process category (p values range from 0.0322 to 0.1796 Table S3 ), but not when 164 compared to the tissue or dispensable categories (p values range from 0.0931 to 0.5007, Table   165 S3). Therefore, it is plausible, based on the comparable expression levels between double and Even though the shape category expression levels are lower than that of the progression 170 category (Fig. 2) , at least the E14 microarray data suggests elevated expression levels relative to 171 all the other control categories (p values range from 0.0002 to 0.0383, Table S3 ). The 172 moderately elevated levels of expression by the shape category genes could indicate that they 173 are required slightly later in development, or that the most robust upregulation happens for 174 genes that are critical for the progression of the development. The latter option seems to be 175 supported by a RNAseq analysis of E16 molar, showing only slight upregulation of shape 176 category genes in the bell stage (Table S3 ). (Fig. 2, 3B) . As in the previous analyses (Table S3) , the 209 progression category shows the highest expression levels compared to the control gene sets (p 210 values range from 0.0076 to 0.0309, Table S3 ). Although the mean expression of the shape 211 category is intermediate between progression and control gene sets, scRNAseq shape category 212 is not significantly upregulated in the randomization tests (p values range from 0.7825 to 213 0.9971). This pattern reflects the bulk RNAseq analyses while the microarray data showed 214 stronger upregulation (Fig. 2 ), suggesting a potentially discernable but subtle upregulation of 215 shape category genes. Methods). The data shows that the overall tissue level gene expression is highly correlated with 221 the cell population size (Fig. 4A) . In other words, the size of the expression domain is the key domain identity or size. These results suggest that high cell-level transcript abundance is a 249 characteristic feature of genes essential for the progression of tooth patterning. We note that 250 although the dispensable category has several genes showing comparable expression levels with 251 that of the progression category genes at the tissue level (Fig. 2) , their cell-level transcript 252 abundances are predominantly low (Fig. 4B ).
254
Next we examined more closely the differences between progression and shape category genes, 255 and to what extent the upregulation of the keystone genes reflect the overall expression of the 256 corresponding pathways. E14 stage molars to test whether these pathways show elevated expression levels. We manually 267 identified 272 genes belonging to the six pathways (Materials and Methods, Table S4 ). 268 Comparison of the median expression levels of the six-pathway genes with the developmental-269 process genes shows that the pathway genes are a highly upregulated set of genes ( Fig. 5A, ligands (36% shape genes compared to 20% progression genes, Appendix S1). In our scRNAseq 301 data, ligands show generally smaller expression domains than other genes (roughly by half, Fig.   302 5D, E), and the low expression of the shape category genes seems to be at least in part driven by 303 the ligands (Fig. 5C , Table S5 ).
305
Overall, the upregulation of the keystone genes within their pathways appears to be influenced 306 by the kind of proteins they encode. In this context it is noteworthy that patterning of tooth 307 shape requires spatial regulation of secondary enamel knots and cusps, providing a plausible 308 explanation for the high proportion of genes encoding diffusing ligands in the shape category. the phenotypic outcome of their system. Here we considered keystone genes strictly within a 319 developmental system, and these genes, or more accurately their protein products, can be 320 understood as keystone resources (11) that are required for normal development. We note that 321 whereas keystone genes can also be considered within the context of their effects on ecosystems 322 (12), here we limit the explanatory level to a specific organ system. In our case, the 'ecosystem' 323 has been a developing mammalian tooth. 324 325 We took advantage of the in-depth knowledge on the details of the phenotypic effects of various 326 developmental genes (Appendix S1). This allowed us to classify genes into different categories 327 that reflect their functional role during organogenesis. Furthermore, a multitude of studies have 328 made it possible to identify a dispensable or non-keystone gene category. Obviously, as in 329 ecological data, our category groupings can be considered a work in progress as new genes and 330 reclassifications are bound to refine the patterns. Nevertheless, our analyses should provide 331 some robust inferences. 332 Most notably, genes that are individually required for the progression of mouse molar 334 development were found to be highly expressed (Figs 2, 3) . These genes were highly expressed 335 even within their pathways (Fig. 5A,B) and had markedly high cell-level transcript abundances 336 (Fig. 4B) . The high expression level of these progression category genes may well signify their 337 absolute requirement during the cap stage of tooth development. Indeed, it is typically by this 338 stage that a developmental arrest happens when many of the progression genes are null mutated. 339 Interestingly, mice heterozygous for the null-mutated progression genes appear to have normal 340 teeth (Appendix S1). A possible hypothesis to be explored is to examine whether the high cell-341 level transcript abundance of the progression category is a form of haplosufficiency in which the 342 developmental system is buffered against mutations affecting one allele. Another possibility, 343 that has some experimental support (13) , is that there are regulatory feedbacks to boost gene 344 expression to compensate for a null-allele. In contrast to the progression category, gene pairs 345 arresting tooth development as double mutants have relatively low expression levels, perhaps 346 suggestive that many genes in the dispensable category could be redundant to each other. Considering the numerous genes expressed in a developing organ system, our results point to 359 the potential to use cell-level expression levels to identify other genes critical for organogenesis. 360 Here the single-cell transcriptomes provided a more nuanced view into the spatial patterns of the 361 different gene categories than the tissue level transcriptomes alone. In our tabulation over a third 362 of the shape category genes were ligands. Tooth shape patterning involves spatial placement of 363 signaling centers that in turn direct the growth and folding of the tissue (8). The involvement of 364 several secreted ligands in this patterning process, and consequently in the shape category, is 365 likely to reflect the requirement of the developmental machinery to produce functional cusp 366 patterns. These cusp patterns are also a major target of natural selection because evolutionary 367 diversity of mammalian teeth is largely made from different configurations of cusps. At the 368 same time, partly due to ligands having generally more restricted expression domains compared 369 to receptors and intracellular proteins, the shape category expression levels were found to be 370 generally lower than that of the progression category. That ligands tend to have smaller 
Material and Methods

391
Classification of genes. We performed extensive literature review of genes that are expressed in 392 developing tooth. The genes were divided into categories based on the effect that their null 393 mutation has on the development of the first mandibular molar in the mouse. Full null-mutant 394 mouse information was used whenever available. Because many developmental genes function 395 in multiple organs and stages during development, full null mutants of several genes are lethal 396 before tooth development even begins. Therefore, we also used information based on the tooth 397 phenotypes of conditional mutant mice (in eight cases, Appendix S1). The effect of conditional 398 mutants can be milder and in our data we have four shape genes that could potentially be in the 399 progression category. To test for overall the robustness of the patterns, we analyzed the 400 expression levels also after combining the progression and shape category genes, and the pattern 401 of overall upregulation remained largely the same.
403
Genes that are individually indispensable for normal tooth development were classified as 404 keystone genes. Conversely, genes, which loss-of-function mutation has no effect on tooth 405 development are non-keystone genes. The tabulation of these dispensable genes was done from 406 published reports and by inspecting published figures and data. Keystone genes were further 407 divided into four categories based on the type of effect their loss of function has on tooth 408 development. The progression category is defined by a null mutant phenotype that is a 409 developmental arrest of the tooth. The shape category has the genes whose null mutations alter 410 the morphology (or shape) of the tooth. The tissue category contains the genes whose null 411 mutations cause defects in the tooth hard tissues. Only the progression genes can be considered 412 essential for organ development per se, whereas the effects of many of the shape category genes 413 can be quite subtle. 414 
415
We created a manually curated list of genes in the six key pathways (Wnt, Tgfβ, Fgf, Hh, Eda, 416 Notch) based on review publications and allocated the keystone genes into these pathways 417 where appropriate. The keystone genes, non-keystone genes, and the pathway genes were also 418 classified as 'ligand (signal), 'receptor', 'intracellular molecule', 'transcription factor' or 419 'other'. Because these kinds of classifications are not always trivial as some biological 420 molecules have multiple functions in the cell, we used the inferred primary role in teeth. The 421 developmental-process genes with GO term "GO:0032502" and experimental evidence codes 422 were obtained from R package "org.Mm.eg.db" (18). Only curated RefSeq genes are used in 423 this study. All tabulations are in Appendix S1 and Table S1, and S4. 
